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Population sizes of the Japanese red coral Corallium japonicum have been severely affected by poaching and overfishing. Although genetic structure and connectivity patterns are considered important parameters for conservation strategies, there are few studies focusing on the population genetics of C. japonicum in the Northwest Pacific. We examined the genetic population structure of C. japonicum, in the Northwest Pacific. We used restriction-site-associated DNA sequencing (RAD-seq), which can be used to identify genome-wide single-nucleotide polymorphism (SNPs), to reveal detailed within-species genetic variations. Using the variable SNP loci identified from this analysis, we successfully evaluated the population-level genetic diversity and patterns of gene flow among multiple populations of C. japonicum around Japan. The results of genetic analysis basically showed that gene flow is widely maintained in the geographic range examined in this study, but the analysis in combination with larval dispersal simulations revealed several populations that were genetically distinct from the other populations, suggesting geographically limited gene flows. The information obtained from this study will be useful for the design of effective management schemes for C. japonicum, which is under threat from overfishing.
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Introduction

Precious red corals in the family Coralliidae are a commercially important deep-sea resource, and are used for jewelry production in China and Taiwan (Tsounis et al., 2010). Three Coralliidae species Corallium japonicum Kishinouye, 1903 (Japanese red coral), Pleurocorallium elatius (Ridley, 1882) (pink coral), and Pleurocorallium konojoi (Kishinouye, 1903) (white coral) have been harvested in Japanese waters for 150 years (Iwasaki et al., 2022). However, population sizes of these corals have been highly impacted by poaching and overfishing (Iwasaki, 2019). Consequently, the Japanese Ministry of the Environment has designated these three species as “Near Threatened”. Although genetic structure and patterns of connectivity are considered as important parameters for conservation strategies (Palumbi, 2004), there are few studies focused on population genetics of precious red corals in Japanese waters.

Because the adult stage of corals is sessile, these corals rely on larval dispersal to maintain populations and expand into new habitats. Understanding this larval dispersal is quite challenging, however, because although ocean currents are a major determinant of larval dispersal patterns, data on deep-sea currents are often quite limited. A promising alternative approach is the use of DNA markers to evaluate patterns of connectivity and genetic diversity among populations (e.g., Baco et al., 2016; Taylor and Roterman, 2017). This method can also be combined with ocean-current-based larval dispersal simulations to better assess inter-population connectivity (Fujita et al., 2016; Nakabayashi et al., 2019).

Because haplotype sequences are especially easy to identify in mitochondrial DNA, mitochondrial DNA markers have historically been used to evaluate the population structures of many animal species (e.g., Avise, 2000). However, these markers are of limited use for corals and other Anthozoa, because the extremely slow mutation rates of mitochondrial DNA in these taxa (Hellberg, 2006) reduce the ability to detect genetic differences between populations (Nakajima et al., 2012a; Takata et al., 2019). Fortunately, recent advances in high-throughput DNA sequencing have enabled the use of variable DNA markers in non-model organisms (Andrews et al., 2016). In particular, single nucleotide polymorphisms (SNPs) in genomic DNA can be easily identified by using several methods such as restriction-site-associated DNA sequencing (RAD-seq; Baird et al., 2008) or multiplexed ISSR genotyping by sequencing (MIG-seq; Suyama and Matsuki, 2015). MIG-seq has attracted particular interest; although only a small number of SNP loci can be genotyped with this method, it has been used to identify population-level genetic differences and is increasingly being used to study marine organisms (Takata et al., 2019; Yorisue et al., 2020; Takata et al., 2021).

Numerous population genetic analyses of coastal benthic organisms have been conducted in Japanese waters (e.g., Kojima et al., 1997; Kojima et al., 2004). However, although several of these studies have used high-resolution markers such as microsatellites and SNPs to examine shallow-water scleractinian corals (e.g., Nakajima et al., 2012a; Nakajima et al., 2012b; Nakajima et al., 2017; Iguchi et al., 2019; Nakabayashi et al., 2019), few have examined deep-water species such as precious corals. In the Mediterranean Sea, the population genetics of the precious coral Corallium rubrum (Linnaeus, 1758) are well studied in shallow water (Costantini et al., 2007; Ledoux et al., 2010; Aurelle et al., 2011; Costantini et al., 2018) as well as in mesophotic to deep-sea (Costantini et al., 2010; Costantini et al., 2013; Cannas et al., 2015; Cannas et al., 2016).

In Japanese waters, two studies have used MIG-seq to examine the population genetics of Corallium japonicum (Takata et al., 2019; Takata et al., 2021). However, these studies only examined colonies in Kochi Prefecture, and information on other regions of Japan is lacking. The Kuroshio Current, which flows along the coast of Japan, strongly affects the population structure of many marine organisms (e.g. Nakabayashi et al., 2019), but little is known about its effects on deep-water species such as precious corals. In this study, we used double-digest restriction-site-associated DNA sequencing (ddRAD-seq) following the protocol described by Sakaguchi et al. (2015) to identify the detailed genetic population structure of C. japonicum in the Northwest Pacific. These data were then compared against an ocean-current simulation to examine the formation and patterning of C. japonicum populations in this region.




Materials and methods




Sampling, DNA extraction, and library preparation

Fragments of Corallium japonicum in the Northwest Pacific were collected with remotely operated vehicles or obtained from fishers (Figure 1 and Table 1). Sample collection was conducted with permission from Okinawa Prefecture (Oki 21-131) and other regional authorities. A total of 84 C. japonicum samples were used for this study. The samples were preserved by immersion in CHAOS solution (guanidine thiocyanate 50 g, N-lauroyl sarcosin sodium 0.5 g, 2-mercaptoethanol 0.7 mL, 1M Tris pH 8 2.5 mL, sterile distilled water 100 mL; Fukami et al., 2004), and genomic DNA was extracted with the DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany). We measured the DNA concentration of each sample by using a Qubit Fluorometer (ThermoFisher, Waltham, MA, USA). A RAD-seq library was prepared by using ddRAD-seq as described by Sakaguchi et al. (2015). For the library preparation, we used EcoRI and BglII and performed size selection at around 320 bp. We sequenced the ddRAD-seq library by using an Illumina HiSeq 2500 sequencer (Illumina, San Diego, CA, USA) with 50-bp single-end reads.




Figure 1 | Map of sampling sites of Corallium japonicum surveyed in this study. The map was made with Natural Earth (https://www.naturalearthdata.com). Flow path of Kuroshio between Dec 28, 2018 and Jan 3, 2019 is shown using a shapefile provided by Japan Coast Guard (https://www1.kaiho.mlit.go.jp/KANKYO/KAIYO/qboc/kurosio-num.html).




Table 1 | Summary of samples used in this study.





Bioinformatics

Raw Illumina reads were de-multiplexed by using the process_radtags module in Stacks (Catchen et al., 2013). These reads were then processed by using the pipeline ipyrad (Eaton and Overcast, 2020) with the reference-based assembly under default settings. The draft genomes of Corallium japonicum reported in Takata et al. (2021) were used for the reference genome. Low-quality bases (Q < 20), adapters, and restriction sites were filtered out from each read prior to mapping to the draft genome. Loci present in at least 70% of individuals were retained. We removed individuals that had less than 1000 loci according to the mapping statistics. In this manner, 76 individuals of C. japonicum were selected for downstream analyses (Table 1). From the “.vcf” output file generated by ipyrad, we filtered the dataset using VCFtools (Danecek et al., 2011) to obtain the final SNP dataset including biallelic SNPs and one SNP per RAD locus. We further filtered the SNP dataset to remove SNPs out of Hardy–Weinberg equilibrium (p < 0.001) within each population using the script filter_hwe_by_pop.pl from the dDocent package (Puritz et al., 2014: https://github.com/jpuritz/dDocent/blob/master/scripts/filter_hwe_by_pop.pl) and to exclude SNPs with >30% missing genotypes in at least one of five populations with pop_missing_filter.sh in dDocent ver. 2.2.7 (Puritz et al., 2014: https://github.com/jpuritz/dDocent/blob/master/scripts/pop_missing_filter.sh).

We used BayeScan (Foll and Gaggiotti, 2008) to identify possible SNPs under natural selection (outlier loci) based on the FST outlier method with default settings. No outlier loci were detected, and therefore all loci were used for downstream analyses. The final SNP dataset consisted of 961 loci from 76 individuals.

Population structure was analyzed with STRUCTURE (Pritchard et al., 2000) by using an admixture model without priors. We ran STRUCTURE with 500,000 Markov chain Monte Carlo replications, with a burn-in period of 250,000 generations with K = 1–7, repeated 10 times for each value of K. The optimal K was evaluated using two statistics as suggest by Janes et al. (2017); we used log probabilities of Pr(X|K) and ΔK statistic (Evanno et al., 2005) in Structure Harvester (Earl and VonHoldt, 2012). The mean of the permuted matrices across replicates was calculated for the optimal K in Clumpp (Jakobsson and Rosenberg, 2007) implemented in Clumpak (Kopelman et al., 2015) with the Greedy search option (2000 repeats). Structure results were visualized with Distruct (Rosenberg, 2004). We conducted a principal component analysis (PCA) of the genotype covariance matrix by using the “glpca” function in the R package adegenet (Jombart, 2008) to characterize genetic relationships among all individuals. Prior to perform PCA, we imputed missing data based on linkimpute algorithm (Money et al., 2015) with the default settings implemented in Tassel 5 (Bradbury et al., 2007). The imputed dataset was used for PCA only.

Genetic diversity metrics including the average number of alleles, observed and expected heterozygosity, and GIS inbreeding coefficient (an analogue of FIS) were estimated by using GenoDive v3.0 (Meirmans, 2020). We calculated pairwise FST between populations as described by Weir and Cockerham (1984), and calculated 95% confidence intervals using 10,000 bootstrap replications with the “stamppFst” function in the R package StAMPP (Pembleton et al., 2013), with the adjustment of the p-value by the Benjamini-Hochberg FDR procedure. Isolation by distance was tested to identify any correlations between genetic distance (linearized FST: FST/[1 – FST]) and geographic distance by applying Mantel tests. Geographic distance that was defined as the shortest distance between populations was calculated by using the “distGeo” function in the R package Geosphere (Hijmans, 2015). Mantel tests were performed using the mantel.randtest function in the R package ade4 (Dray and Dufour, 2007). We also performed analysis of molecular variance (AMOVA) based on allele frequency data among sites (999 permutations) by using the “poppr.amova” function in the R package poppr (Kamvar et al., 2014).

Contemporary migration among populations was estimated by using BayesAss v.3.04 (Mussmann et al., 2019). Delta values (-m, -a, and -f) were each set to 1.0. We ran the analysis for 8,000,000 iterations with a burn in of 2,000,000 steps, and 8000 sampling intervals. Convergence was inspected by performing two independent analyses using different seed numbers.




Larval dispersal simulation

To investigate larval dispersal patterns and understand the effect of ocean currents on regional connectivity, we performed a larval dispersal simulation using Lagrangian particle tracking analysis. The analytical framework used was Parcels (Delandmeter and van Sebille, 2019), with input values of horizontal flow velocities from the data-assimilative ocean general circulation model JCOPE2M (Miyazawa et al., 2017; Miyazawa et al., 2019). JCOPE2M has a horizontal resolution of 1/12°, a vertical resolution of 46 layers in sigma coordinates, and a data interval of 1 day. Because JCOPE2M can accurately reproduce the Kuroshio path (Miyazawa et al., 2017), it is a suitable model for simulating the influence of the Kuroshio current on our study area. All sampling sites released one particle per day between 1 January 2019 and 31 December 2021, and a total of over 80,000 particle dispersion pathways were calculated. The release depth was 200 m, which is the depth at which the majority of samples were collected. Particles were assumed to be neutrally buoyant and vertical migration was not considered. The period of larval suspension was assumed to be 60 days, since the maximum life span of most coral larvae is between 50 and 70 days (Markey et al., 2016). The simulation domain extended from 121°E to 147°E and from 22°N to 36°N, and particle tracking was terminated when particles left the domain.





Results

The ddRAD-seq libraries yielded on average 1.05 million 51-bp reads per individual. After filtration by ipyrad, we obtained a total of 2602 loci including 8950 SNPs (with 26.36% missing sites) that were present in at least 70% of 76 individuals (Table 1). Three samples from Kochi (KOC), four samples from Kagoshima (KAG), and one sample from Ogasawara Island (OGS) were removed from analyses due to insufficient data (fewer than 1000 loci per individual). The filtered SNP data used for downstream analyses included 961 unlinked SNPs including 7.44% of missing data (one SNP per RAD locus). The proportion of missing data for each population was listed in Table S3.

The first principal component obtained from our PCA analysis explained 5.315% of the overall variance, and the second explained 2.895% (Figure 2B). There was no clear geographic grouping of the sampling sites along the two PCA axes (Figure 2); the KAG specimens formed two clusters and the OGS samples were somewhat separate from the others.




Figure 2 | (A) STRUCTURE results at K = 2–4 with individuals on the x axis (sorted by site) and assignment probability on the y axis. (B) Principal component analysis of 1st and 2nd axes for a matrix of individual genotype frequencies. KOC, Kochi; KAG, Kagoshima; AMA, Amami; RYU, Okinawa; OGS, Ogasawara.



We detected significant variations among sites by AMOVA analysis (Table S1; Phi-sites-total = 0.045, p = 0.001). STRUCTURE analysis based on unlinked SNPs identified the most likely number of genetic populations of Corallium japonicum as K = 2 based on mean log likelihood and ΔK (Figure S1). With K = 2, all individuals from each population tend to assign to the same cluster (Figure 2; blue cluster). The green cluster found at K = 2 was further divided into two and three clusters at K = 3 and K = 4 respectively (Figure 2).

The greatest genetic distance between populations in this study was that between KAG and AMA (pairwise FST = 0.0446, adjusted p-value  < 0.001), and the most genetically similar populations were AMA and RYU (FST = 0.0048, adjusted p-value  = 0.1723) (Figure 3 and Table S2). Observed and expected heterozygosities were similar for all populations except OGS (Table S3), which had low observed heterozygosity.




Figure 3 | Heatmap showing FST values between each population.



BayesAss analysis indicated high migration rates from AMA to KOC, KAG, RYU, and OGS (>17%; Table S4), and a higher self-recruitment rate at AMA (93%; Table S4) than at the other sites (68–70%). Isolation-by-distance testing indicated that the observed correlation between populations was nearly zero (r = 0.0003) and statistically insignificant (p = 0.526) (Figure 4).




Figure 4 | Relationship between genetic differentiation (FST/[1 – FST]) and geographic distance among each population for Corallium japonicum.



The results of our simulation of the dispersal of larvae over 60 days showed that the particles released by RYU and AMA, respectively tending to reach each other (Figures 5B, C), while particles released from KGS tending not to reach the other sites except for KOC (Figures 5D, E). In addition, particles released from OGS seldom reaching the other sites (Figure 5F).




Figure 5 | Mean flows from JCOPE2M at (A) 200-m depth and (B–F) results of larval dispersal simulations. (A) is the three-year average from January 1, 2019 to December 31, 2021. The results of particle release are shown for sampling sites: (B) Ryukyu (RYU), (C) Amami (AMA), (D) Kagoshima (KAG), (E) Kochi (KOC), and (F) Ogasawara (OGS). The light blue lines indicate the trajectories of the particles. Orange stars indicate sampling sites, and red stars indicate sampling sites where particle were released.






Discussion

In this study, we evaluated the genetic population structures of the precious red coral Corallium japonicum in the Northwest Pacific. Using variable SNP markers obtained by using the ddRAD-seq approach, we succeeded in evaluating the genetic diversity of and gene flow patterns among populations of C. japonicum. Among the C. japonicum populations examined in this study, none had especially low genetic diversity and inter-population gene flows tended to be maintained, although genetic diversity was somewhat lower at OGS than at the other sites. This reduced genetic diversity at OGS can be explained by its geographic isolation. Populations of other coral species in Ogasawara also tend to be isolated from those of the Ryukyu Archipelago (Nakajima et al., 2012b; Wepfer et al., 2022). Because of the difficulty of sample collection from the deep sea, sample sizes at AMA, KAG, RYU, and OGS were low (n < 20). Therefore, the lack of genetic differentiation among populations and sampling sites in our study could reflect the small number of samples and/or SNPs. Further sampling and a larger SNP dataset are needed for a comprehensive evaluation of C. japonicum population structure.

In contrast to Corallium rubrum, which can sustain genetic differentiation even at fine spatial scales in the Mediterranean (Ledoux et al., 2010; Costantini et al., 2018; Cannas et al., 2019), C. japonicum does not appear to have fine-scale changes in population structure. This is likely related to differences in the two species’ reproductive mode (C. rubrum, brooding; C. japonicum, broadcast spawning) (Takata et al., 2021).

The pelagic larval duration (PLD) of C. rubrum is relatively short, ranging from 16 to 42 days (Martínez-Quintana et al., 2015). Although there is no information available on the PLD of C. japonicum, broadcast spawners generally have greater dispersal potential than brooders (Nishikawa, 2008). Therefore, the lack of genetic differentiation between populations observed in our study may imply C. japonicum has a longer PLD than that of C. rubrum. Further investigations are needed to clarify the PLD of C. japonicum.

The three populations located along the flow path of the Kuroshio Current (KOC, AMA, and RYU) had no detectable genetic differentiation, suggesting that high gene flow was maintained among them and that the Kuroshio facilitated larval dispersal. Broadcast-spawning corals in shallow waters show slight genetic differentiation between these two regions, probably because there are no islands between them (Nakajima et al., 2012b). In the case of C. japonicum, however, it is possible that deep-water stepping-stone habitats help maintain gene flow between the regions. Around Japan, C. japonicum has been reported from depths of up to 300 m (Nonaka and Muzik, 2009), and several seamounts with relatively shallow summits are located between the Japanese archipelago and the Ogasawara Islands.

Our analysis also identified some genetic differentiation measured by pairwise FST among populations that are not separated by large geographic distances (i.e., KAG vs AMA). Dispersal limitation by ocean currents could explain the relative genetic isolation of the KAG population, as the KAG population was isolated from the other populations in our larval dispersal simulation (Figures 5A, D). Genetic differentiation across ocean current boundaries (i.e., the Kuroshio and Tsushima Currents) has been reported for some coastal organisms around Japan (Kojima et al., 1997; Kojima et al., 2004). The Kuroshio Current is especially likely to affect the dispersal of C. japonicum because of its deep current flow, with its flow axis reaching depths of several hundred meters (Oka and Kawabe, 2003; Kawabe, 2005). Data from population-level genetic analyses are likely to be useful for the establishment of marine protected areas for precious corals in the future.

Our study is the first to investigate population genetics and patterns of connectivity of C. japonicum in the Northwest Pacific and its relationship to the flow path of the Kuroshio Current through both RAD-seq analysis and larval dispersal simulations. Our results provide fundamental information needed for the monitoring and conservation of C. japonicum in this region.
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